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We present measurements on gauge boson production from data taken during 1994-1996 by the D® and CDF
detectors: the differential production cross section of the W boson as a function of the transverse momentum [1,2],
the ratio of W and Z differential cross sections [3,4], direct photon cross-sections at /s =630 and 1800 GeV [5,6],
and studies of Drell-Yan production [7,8]. All measurements are in good agreement with currently available
theoretical predictions in most of the measured kinematic range.

1. The W boson Differential Production
Cross Section

Measurement of the differential cross section
for W boson production provides an important
test of our understanding of quantum chromody-
namics (QCD). Its implications range from im-
pact on the precision determination of the W bo-
son mass to background estimates for new physics
phenomena.

When the transverse momentum (p¥¥) and the
invariant mass (Mw ) of the W boson are of the
same order, the production rate can be calcu-
lated perturbatively order by order in the strong
coupling constant «s. For p¥ <« My, the
calculation is dominated by large logarithms =
as In(My /pl¥)?, which are related to the pres-
ence of soft and collinear gluon radiation. There-
fore, at sufficiently small pTW , fixed-order pertur-
bation theory breaks down and the logarithms
must be resummed. The resummation can be car-
ried out in transverse momentum (py) space or in
impact parameter (b) space via a Fourier trans-
form. Differences between the two formalisms are
discussed in Ref. [9].

Although resummation extends the perturba-
tive calculation to lower values of p¥¥, a more
fundamental barrier is encountered when pTW ap-
proaches Aqcp, the scale characterizing QCD
processes. The strong coupling constant ags be-
comes large and the perturbative calculation is
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no longer reliable. The problem is circumvented
by using a cutoff value and by introducing an
additional function that parameterizes the non-
perturbative effects [10,11].

The inclusive differential cross section for W
boson production is measured in the electron
channel as a function of transverse momentum.
We use 85 pb~! of data recorded with the DO
detector during the 1994-1995 run of the Fermi-
lab Tevatron pp collider.

The W — ev event sample is corrected for
kinematic and geometric acceptance, and detec-
tor resolution. The final results for de(W —
ev)/dp¥ are plotted in Fig. 1, where the data
are compared to the combined QCD perturbative
and resummed calculation in b-space, computed
with published values of the non-perturbative pa-
rameters [10]. The error bars on the data points
correspond to their statistical uncertainties. The
fractional systematic uncertainty is shown as a
band in the lower portion of the plot, and ac-
counts for the errors in the hadronic energy scale
and resolution, the selection efficiency, and the
background. An additional normalization uncer-
tainty of £4.4% from the integrated luminosity is
not included in any of the plots.

2. W and Z pr Ratio Measurement

For the analyses of data taken during 1992-
1996 (Fermilab Tevatron Run 1), we have used
the resummed calculation of Ref. [10] fitted to
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Figure 1. Differential cross section for W — ev
production.

our observed Z — eTe™ differential cross section
to extract the non-perturbative phenomenologi-
cal parameters of the theory. The resummed cal-
culation was then used to predict W boson ob-
servables such as the electron and neutrino trans-
verse momenta and as input to a Monte Carlo
model of W boson production and decay, which
we used to extract the mass and production cross
section of the W boson.

Ref. [14] proposes an alternative method of
predicting W boson observables from measured
Z boson quantities. This is based on the the-
oretical ratio of the W to Z boson differential
cross sections with respect to variables that have
been scaled by their corresponding vector boson
masses. Because production properties of W and
Z bosons are very similar, the large radiative
corrections that affect the individual distribu-
tions cancel in the ratio. The ratio can therefore
be calculated reliably using perturbative QCD
(pQCD), with no need for resummation.

Although the alternative method reduces both
the theoretical and experimental systematic un-
certainties, it introduces a statistical contribution
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to the uncertainty from the number of events in
the Z boson candidate sample. Hence, once large
samples of Z boson events become available, it is
expected that using the pQCD prediction and the
well-measured p% distribution to predict the p}/
distribution should lead to smaller overall uncer-
tainties on the measured mass and width of the W
boson, relative to current methods used at hadron
colliders.

The ratio of differential cross sections for the
scaled W and Z boson transverse momenta
(p¥ /My and pZ /M) is defined as

Fopr = r@mq\wl / T@MM@L, M

where doV /dpY. is the standard differential cross
section for vector boson production o(pp — V +
X) as a function of transverse momentum pi.
Equation 1 can be used to predict the differential
cross section for W bosons with respect to the
non-scaled transverse momentum:
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where R,, is calculated using pQCD. The mea-
surement of R,,,. is compared to the calculation of
Ref. [14]. For completeness, we repeat the exer-
cise presented in Ref. [14] and use our measured
differential Z boson cross section in Eq. 2, and
R,, from Ref. [14], to obtain the differential W
boson cross section and compare it to our pub-
lished result [1].

From the measured W and Z boson differential
cross sections, we extract the ratio of scaled cross
sections as a function of pr, R,,.. The result is
shown in Fig. 2. We observe that the measured
R,, agrees with the pQCD prediction [14]: the
x?2 for the comparison between data and theory is
18.3 for 21 degrees of freedom (63% probability).

Based on Eq. 2, we use the calculated R,, in
Ref. [14], together with the measured do? /dpZ,
to predict the W boson transverse momentum
spectrum, and compare it with our previously
measured do" /dp¥ [1]. Fig. 3 shows the mea-
sured differential cross section plotted at the cen-
ter of the bin. The upper and lower 68% confi-
dence level limits for the prediction are plotted as



histograms. The extracted transverse momentum
distribution agrees well with the measurement.

Figure 2. Ratio of scaled differential cross sec-
tions R,,. for W and Z production.

3. Direct Photon Cross Sections at /s =
630 and 1800 GeV

Within the framework of Quantum Chromo-
dynamics (QCD), isolated single photons are di-
rect photons: produced from the primary parton-
parton interactions. A measurement of the fi-
nal state photons provides a probe of QCD with-
out additional complications from fragmentation
and jet identification, providing a powerful and
effective means for studying the constituents of
hadronic matter.

Previous experiments, at center-of-mass ener-
gies of both 630 GeV [16] and 1800 GeV [17,18],
have reported photon production in excess of
next-to-leading-order (NLO) QCD predictions at
low transverse energies (EJ. ~ 30 GeV). This dis-
agreement with data could result from gluon radi-
ation not included in NLO calculations or because
the parton distributions are not well known.
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Figure 3. Differential cross section for W boson
production as a function of plV.

We present a measurement [5] of the ratio of
isolated photon cross sections at different center-
of-mass energies, 630 and 1800 GeV by the DO
experiment. The systematic uncertainty and the
sensitivity to the choice of parton distribution
functions (PDF) are significantly reduced in the
ratio. Photon candidates are required to have
calorimeter shower characteristics consistent with
that of a single electron, and must not have a
track match in the drift chamber.

In the simple parton model, the dimension-
less cross section Ef. - EggT‘;,
TT = QETST, is independent of /s. Although devi-

as a function of

ations from such naive scaling are expected, the
dimensionless framework provides a useful con-
text for comparison with QCD. The experimen-
tal dimensionless cross section, averaged over az-
imuth, becomes op = g—j{ -dzo/dETdn. The ratio
op(vs = 630 GeV)/op(y/s = 1800 GeV) is de-
termined by combining the cross section reported
here with the D@ measurement at /s = 1800
GeV [17]. The ratio is shown as a function of zp
in Fig. 4 together with the NLO QCD prediction.



The probability of agreement from a x? test
between data and theory is 49% (89%) in the
CC (EC) region. The deviations at low z7 are
not significant in light of our combined statisti-
cal and systematic uncertainties, and there exists
good agreement between the measured ratio and
theory.
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Figure 4. The ratio of the dimensionless cross sec-
tions, op(y/s = 630 GeV)/op(y/s = 1800 GeV)
in the central (upper) and forward (lower) rapid-
ity regions.

CDF has measured [6] the cross sections
d?a /dPrdn for production of isolated direct pho-
tons at two center of mass energies (1800 and 630
GeV). Figure 5 shows these results as a function
of the scaling variable z7. One observes a signif-
icant disagreement in the ratio that is difficult to
explain with conventional theoretical uncertain-
ties such as scale dependence and parton distri-
bution functions. However, one possibility for the
observed discrepancy with NLO QCD is the lack
of a complete description of the initial state par-
ton shower in the NLO QCD calculation, which
could give a recoil effect to the photon+jet system

(kr). To test this hypothesis, a simplified gaus-
sian smearing was added to the NLO QCD calcu-
lation, giving the photon+jet system a transverse
momentum recoil consistent with that measured
in the Drell-Yan process at each center of mass en-
ergy. The comparisons of the prediction with the
measured ratio are significantly improved with
the addition of these amounts of kr. Higher or-
der QCD calculations including such effect are
becomming available [21], but are not ready for
detailed comparisons at this time.
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Figure 5. Comparison of 1800 and 630 GeV di-
rect photon data to NLO QCD calculation as a
function of photon z7.

4. Studies of high mass Drell-Yan pairs

We present a new measurement [7] of the mass
dependence of the forward-backward asymmetry
(Arp), and production cross section (do/dM)
for ete™ pairs with mass M., > 40 GeV from
108 pb~! of data taken by the CDF Collaboration
during 1992-1995. The measurements are com-
pared to predictions from the Standard Model



and from a model with an additional Z’ gauge
boson. Previous measurements by CDF [22] re-
stricted the data to central rapidity leptons (elec-
trons or muons) and measured the d*a/dM dy av-
eraged over central rapidities. This new result in-
cludes electrons in the forward calorimeters, new
techniques to reduce the backgrounds from QCD
processes, and reports on measurements of Appg
in small bins over a large range in mass (from 40
to 500 GeV).

Figure 6 compares the measured do/dM and
App to theoretical predictions. The upper plot
shows do/dM for ete™ pairs for both the CDF
and D@ collaborations, and p*pu~ pairs from
CDF. The lower plot shows the App measure-
ment in the ete™ channel from CDF. The Stan-
dard Model NNLO prediction is shown as a solid
line. The data is in good agreement with the
Standard Model predictions. However, the mea-
sured Arpp is 2.20 below the Standard Model
prediction in the highest mass bin, from 300 to
600 GeV. From the four events in the sample,
three are in the negative hemisphere. A negative
asymmetry in this region could result from a new
interaction not included in the Standard Model.
As one possible example of additional interactions
that could be compatible with the measured Apg,
we show in Fig. 6 predictions that include an ad-
ditional Eg Z' boson, with a width of 10% its
mass, for two masses of 350 GeV and 500 GeV
respectively. Although both CDF and D@ have
set limits on the mass of additional Z’ bosons of
the order of 600 GeV [22,23] those were based on
assuming a narrower Z' (, z» &~ 0.01Mz) with
the same couplings to the three generations than
the Standard Model Z boson. Allowing for addi-
tional decay modes with larger couplings to third
generation reduces the direct limits by 100 to 150
GeV [24]. The high mass Drell-Yan data will
be included in global fits to electroweak data to
search for physics beyond the Standard Model.

In addition, we have measured [8] do/dy over
nearly the entire kinematic region of rapidity for
et e~ pairs in both the Z-boson mass region, and
the high mass mass region of M., > 116 GeV /c?.
Previous measurements were performed in the
central rapidity production region, and a model
dependent extrapolation to the forward rapidity

region was needed to extract the total cross sec-
tion for hard processes such as top quark and W
or Z boson production. Fig. 7 shows the mea-
sured do /dy distribution for e e~ pairs in the Z
boson mass window of 66 < M., < 116 GeV /c?.
The theoretical expectation is consistent with the
measurement.
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Figure 6. do/dM (top) and App (bottom) distri-
butions from data compared to predictions from
the Standard Model (solid line), and a model

that includes an extra Eg Z' boson with Mz =
350(500) GeV shown as dotted (dashed) lines.

5. Summary and Prospects

Recent results on gauge boson production from
D® and CDF Run 1 data are in good agreement
with theoretical predictions. The deviations at
low pr are not significant. The study of the W ,Z,
and 7 production mechanisms is important as a
direct test of the standard model, to improve the
understanding of the background in top quark
and Higgs boson production, as well as to con-
trol the systematics in precision measurements
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Figure 7. do/dy for e™ e~ pairs in the Z boson
mass window.

such as the W mass. Run 2 has started and we
expect 2 fb™1 of data by year 2003. The much
larger number of gauge bosons will allow us to re-
duce systematics in both the measurements and
the predictions. We will also be able to reduce
uncertainties in the direct photon cross sections
(dominated by the photon purity of the sample),
as well as to extend the kinematic range of the
measurement.
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